Intensive aquaculture releases large quantities of nutrients into aquatic bodies, which can lead to eutrophication. The objective of this study was the development of a biological recirculatory wastewater treatment system with a diazotrophic cyanobacterium, Aulosira fertilissima, and simultaneous production of valuable product in the form of poly-␤-hydroxybutyrate (PHB). To investigate this possible synergy, batch scale tests were conducted under a recirculatory aquaculture system in fiber-reinforced plastic tanks enhanced by several manageable parameters (e.g., sedimentation, inoculum size, depth, turbulence, and light intensity), an adequate combination of which showed better productivity. The dissolved-oxygen level increased in the range of 3.2 to 6.9 mg liter ؊1 during the culture period. Nutrients such as ammonia, nitrite, and phosphate decreased to as low as zero within 15 days of incubation, indicating the system's bioremediation capability while yielding valuable cyanobacterial biomass for PHB production. Maximum PHB accumulation in A. fertilissima was found in sedimented fish pond discharge at 20-cm culture depth with stirring and an initial inoculum size of 80 mg dry cell weight (dcw) liter ؊1 . Under optimized conditions, the PHB yield was boosted to 92, 89, and 80 g m ؊2 , respectively for the summer, rainy, and winter seasons. Extrapolation of the result showed that a hectare of A. fertilissima cultivation in fish pond discharge would give an annual harvest of ϳ17 tons dry biomass, consisting of 14 tons of PHB with material properties comparable to those of the bacterial polymer, with simultaneous treatment of 32,640 m 3 water discharge.
Over the last 2 decades, aquaculture has gone through major changes, growing from small-scale homestead level activities to large-scale commercial farming, which is driving the industry toward more intensive practices. One of the major drawbacks of this trend lies in the waste derived from fish feed and its metabolic end products. These include uneaten food, feces and excreta, and dissolved inorganic nutrients, which are transported in water in various concentrations and can cause eutrophication of the water resources that receive them (23) . Therefore, to combat this problem, a novel technique, i.e., a recirculatory aquaculture system (RAS), has been proposed, which is based on conservation of the limited water and abatement of water pollution caused by the expanding aquaculture industries. The most prominent characteristic of this system is the presence of a biofilter, which treats water contaminated by dissolved organics and ammonia rather than discharging these contaminants directly into bodies of water.
Cyanobacteria (blue-green algae) are O 2 -evolving photosynthesizing prokaryotes that can be successfully cultivated in wastewater due to their ability to use inorganic nitrogen and phosphorus for their multiplication. For example, Spirulina platensis (5, 10) , Spirulina maxima (25) , Romeria sp. (3), Synechococcus sp. strain PCC 7942 (16) , Schizothrix calcicola, Phormidium tenue, Phormidium subfuscum, and Oscillatoria sp. (6) have been found to be efficient in bioremediation of wastewater rich in phosphate, nitrate, ammonia, and urea. Phormidium bohneri Schmidle, a tropical cyanobacterium, shows self-aggregation and an ability to sediment that lends itself to serving as a biotreatment system for wastewater in temperate and warm climates (18) .
At present, problems concerning nondegradable plastic materials have generated much interest in the development of biodegradable polymers. In addition to various bacterial species, cyanobacteria are emerging as potential prokaryotic candidates karyotes for production of poly-␤-hydroxybutyrate (PHB), which occurs as insoluble cytoplasmic inclusions for carbon/ energy-reducing power (39) . PHB has various properties, such as being elastomeric, insoluble in water, nontoxic, biocompatible, and piezoelectric, with a high degree of polymerization (14) , which make it suitable for a variety of applications in the fields of agricultural, environmental, and biomedical sciences (27) . A few cyanobacterial species, viz., Synechococcus sp. strain MA19, Nostoc muscorum, and Synechocystis sp. strain PCC 6803, have been found to accumulate a considerable amount of PHB (Ն40% of dry cell weight [dcw] ) under specific culture conditions (24, 26, 36) . Most recently, with an N 2 -fixing cyanobacterium, Aulosira fertilissima, an accumulation of up to 85% (dcw) was observed, the highest value recorded so far for PHB-accumulating cyanobacterial species (34) . In the present study, our effort has been focused on exploring the efficiency of A. fertilissima as a biofiltrant and PHB producer in a recirculatory aquaculture system. Such integrated efforts to clean up wastewater with cyanobacteria will significantly enhance the environmental and economic benefits of the technology of PHB production by minimizing the additional cost of nutrients and by saving precious freshwater resources.
MATERIALS AND METHODS
Organism and growth conditions. Axenic cultures of the filamentous nitrogenfixing cyanobacterium A. fertilissima were grown in nitrate-free BG-11 medium (33) as detailed by Samantaray and Mallick (34) . The logarithmic-phase cultures were transferred to fiber-reinforced plastic (FRP) tanks containing the abovementioned medium for acclimatization of the test organism to the outdoors for further study.
RAS and operation mode. Experiments were conducted in a RAS at the Agricultural and Food Engineering Department, Indian Institute of Technology Kharagpur, Kharagpur, West Bengal, India. The waste discharge from a large open fish pond was first pumped into a settling tank (volume, 1,000 liters) to remove large solids in the discharge. After 24 h, the supernatant was siphoned into FRP tanks (length, 125 cm; width, 60 cm; depth, 45 cm) for culturing of the test cyanobacterium through an inclined-plate settler to remove other fine solids. The plates used in the inclined-plate settler were made of Plexiglas with a thickness of 2 mm. The plates were inserted in the tank at 45°angles by means of prefabricated fiber channels pasted onto the glass surface (35) . The experiments were carried out under the shade of translucent acrylic Plexiglas sheets using natural sunlight.
Various physical parameters, such as the effects of sedimentation, inoculum size, and mixing on bioremediation and PHB production by A. fertilissima, were examined. To study the effect of sedimentation, one set of 3 FRP tanks were filled with fish pond discharge (FPD) to about a 10-cm depth after passing through the settling tank and inclined-plate settler. Another set of FRP tanks were filled with FPD directly from the fish pond. To study the effect of inoculum size, various concentrations (40, 80, 100, and 120 mg dcw liter Ϫ1 ) of 8-to 9-day-old logarithmic-phase A. fertilissima cultures grown in FRP tanks (outdoors) filled with nitrate-free BG-11 medium were taken. To study the effects of mixing on the biomass and PHB yield, mixing of the culture was done by mechanical stirring and aeration. In this study, stirring was performed by stirrers with pitched blades (model RQ-124A; Remi Instruments Ltd., Vasai, India) intermittently at a rotation speed of about 20 ϫ g. Aeration was provided to another set of tanks by sparging with compressed air (12 liter min Ϫ1 ) intermittently through porous polyvinyl chloride (PVC) tubes spread on the bottoms of the tanks. The combined effects of aeration and stirring were also studied in FRP tanks filled with FPD about 10 cm deep.
To study the seasonal variation in the growth, PHB content, and bioremediation potential of A. fertilissima, experiments were conducted in three seasons: summer (April to June 2009), the rainy season (July to August 2009), and winter (December 2009 to January 2010). In each season, the effects of culture depth on biomass, PHB yield, and bioremediation were also studied. For this, four sets of FRP tanks were filled with FPD up to 5, 10, 20, and 30 cm deep after passing through the inclined-plate settler (38, 75, 150 (1) . A. fertilissima growth was monitored by estimating the chlorophyll a content following the method of Mackinney (21) . The dry cell weight of A. fertilissima was determined gravimetrically following the method of Rai et al. (28) . The corresponding dcw for the chlorophyll a content was then plotted in the form of a standard graph. The biomass concentration was estimated from the standard graph by monitoring the chlorophyll a content at regular time intervals. PHB extraction was carried out following the protocol of Yellore and Desia (44) as detailed by Bhati et al. (2) , and quantification was done by gas chromatography following the method of Riis and Mai (31) .
Chemical analysis of the polymer produced. Chemical analysis of the polymer was done using 1 H nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR) spectroscopy. The polymer (1 mg) was dissolved in 1 ml of CDCl 3 , and the spectra of the sample, as well as the standard, were obtained with a Bruker-Advanced 400 Spectrometer at 400 MHz. The FTIR spectrum of the polymer was obtained by using an FTIR spectrophotometer (Nexus-870; Thermo Nicolet Co.). The polymer and KBr were mixed at a ratio of 1:100 and pressed into tablet form (12-mm diameter; 1-mm thickness). The FTIR spectrum was recorded in the spectral range of 500 to 4,000 cm
Ϫ1
. The thermal properties of the polymer were studied with a Pyris Diamond Differential Scanning Calorimeter (Perkin-Elmer) equipped with a liquid nitrogen cooling accessory. Samples (5 mg) were exposed to Ϫ50 to 200°C at a heating rate of 10°C min Ϫ1 for the first run. The samples were maintained at 200°C for 1 min and then rapidly quenched in liquid nitrogen to Ϫ150°C. The samples were again analyzed during a second heating scan from Ϫ50 to 200°C at a heating rate of 10°C min Ϫ1 . The melting temperature (T m ) was determined from the differential scanning calorimetry (DSC) endotherms. The glass transition temperature (T g )was taken as the midpoint of the heat capacity change. The degree of crystallinity (X c ) was calculated following the method of Lupke et al. (20) .
All the experiments were performed in triplicate and repeated at least twice to check the reproducibility. The results were analyzed statistically by Student's t test and Duncan's new multiple-range test.
RESULTS AND DISCUSSION
Effect of sedimentation. FPD has a very high load of solid particles in suspension, which contributes to an increase in turbidity. Thus, experiments were carried out to examine the nutrient removal efficiency and PHB accumulation by A. fertilissima in sedimented and nonsedimented FPD. The concentration of nutrients in FPD decreased significantly during the experimental period, indicating that A. fertilissima has high nutrient removal efficiency in FRP tanks with sedimented FPD (Table 1) . Sedimentation of FPD reduced the TSS content by 59%. NH 4 ϩ removal occurred rapidly from 2.1 to 0.2 mg liter Ϫ1 after 15 days of incubation in FRP tanks with sedimentation, leading to 90% removal. This likely occurs because NH 4 ϩ is the most reduced form of inorganic nitrogen and thus the most preferred form of nitrogen for algal growth (19) . The removal rate (75%) of orthophosphate in sedimented FPD was observed to be of the same order of magnitude as reported by De la Noüe and Proulx (8) while treating urban wastewater with Phormidium sp. In contrast, there was a considerable rise in the NO 3 Ϫ level in the tanks during the first week of the experiment, with a declining trend thereafter. According to Jones et al. (17) , this increase may be related to the decomposition and mineralization of the organic materials by bacteria present in the waste discharge. Further, nitrification of ammonia could also contribute to increasing nitrate concentrations (32) . TOC, COD, and BOD levels showed a declining trend with the growth of A. fertilissima, which was more pronounced for the sedimented than the nonsedimented FPD. There was a significant difference in DO content between the sedimented and nonsedimented FPD during the experimental period. This pronounced difference could be ascribed to the oxygen consumed by bacteria and zooplankton in nonsedimented tanks (22) . After 15 days, reduction in the DO rise rate could be attributable to the declining phase of A. fertilissima. A maximum biomass yield of 432 mg liter Ϫ1 was recorded after 15 days of incubation in FRP tanks with sedimented FPD compared to 352 mg liter Ϫ1 in nonsedimented tanks (Fig. 1 ). This could be due to the presence of high concentrations of suspended solid particles in the nonsedimented tanks, which limits light penetration and affects the photosynthetic efficiency of microalgae, and consequently their growth (45) . Adsorption of A. fertilissima filaments to these suspended particles was followed by sedimentation, and thus, hampering of growth also could not be ruled out. Moreover, the presence of more zooplankton and bacteria in the nonsedimented FPD could also play a role in the reduced biomass yield, which warrants further experimentation. Maximum PHB accumulation (105 mg liter Ϫ1 ) was observed in the sedimented FPD after 15 days of incubation ( Fig. 1) , after which a declining trend was observed. Therefore, further experiments were designed with sedimented FPD.
Effect of inoculum size. Cell density represents a key factor governing culture productivity, since it critically affects the availability of light to the cells. The effects of the different inoculum sizes (40, 80 , 100, and 120 mg dcw liter Ϫ1 ) evaluated in this study on biomass and PHB accumulation are shown in Fig. 2 . Cultures with initial inoculum sizes of 40 and 80 mg dcw liter Ϫ1 took 15 days to reach the stationary growth phase, while those with inoculum sizes of 100 and 120 mg dcw liter Ϫ1 took only 9 days. The culture with an initial inoculum size of 80 mg dcw liter Ϫ1 reached a maximum biomass yield of 496 mg liter Ϫ1 after 15 days of incubation ( Fig. 2A) . Maximum PHB accumulation up to 124 mg liter Ϫ1 was also recorded at the initial inoculum size of 80 mg dcw liter Ϫ1 (Fig. 2B) . No further rise in biomass and PHB content was observed at increasing inoculum sizes. The possible explanation could be that, when the cell concentration is below the optimum value, all the light energy is not captured by the cells. Above the optimal concentration, a proportion of the cells are in the dark due to selfshading, and light intensity can influence the growth of microalgae (46) . Another explanation for this observation that PHB content tended to be lower in the FPD inoculated with higher densities of A. fertilissima is that growth under the conditions imposed by the FPD (excess carbon) favors PHB accumulation, and thus, the cells that were most actively grow- (Fig. 3A) . Mixing is necessary to prevent sedimentation of the algae, to ensure that all cells of the population are equally exposed to light and nutrients, to avoid stratification, and to improve gas exchange between the culture medium and the atmosphere (29) . If mixing is not adequate, the cells on the surface also suffer photoinhibition, resulting in low biomass yield (42) . A maximum PHB yield of 166 mg liter Ϫ1 was also recorded in the tanks that were provided with stirring versus 124 mg liter Ϫ1 for the control (Fig. 3B ). Similar to biomass and PHB yield, the bioremediation efficiencies of A. fertilissima in FRP tanks were found to be in the following order: stirring Ͼ stirring plus aeration Ͼ aeration Ͼ control (Fig. 4) . Thus, further experiments were designed with stirrers.
Effects of seasonal variation and culture depth on the bioremediation efficiency, biomass, and PHB yield of A. fertilissima. Cultures were managed in similar manners during different seasons (summer, rainy, and winter). The parameters that changed in each season were temperature, hours of sunshine, and light intensity. The biomass yield depends not only on the total irradiance impinging on the culture surface, but also, and more importantly, on the amount of energy available at the cell level (30) . Thus, the extent of mutual shading, which is a function of the population density and the culture depth, is the major factor determining the amount of solar radiation available to the cells in the culture. Experiments were conducted in each season with an optimum cell concentration of 80 mg dcw liter Ϫ1 in sedimented FPD at different culture depths (5, 10, 20, and 30 cm) with stirring.
The average productivity during summer was higher than that during the rainy and winter seasons ( Table 2) . During summer, the average light intensity over the course of the entire day over the season was 1,762 E m Ϫ2 s Ϫ1 , and the average temperature was 37.8°C. No major changes were observed in the light intensity throughout the experiment. In summer, when the culture depth was reduced from 10 to 5 cm, the biomass yield increased from 593 to 610 mg liter Ϫ1 . However, no significant difference in biomass yields was observed at culture depths of 10 and 20 cm, i.e., they were 593 and 590 mg liter Ϫ1 , respectively, after 15 days of incubation. Increasing the culture depth to 30 cm decreased the biomass yield signifi- cantly, which may be due to low light penetration at increasing depths. However, the overall productivity in terms of total yield or areal density was maximal at a 20-cm depth; an areal density of 118 g m Ϫ2 (total yield, 88 g) was recorded. In contrast to the biomass yield, a rise in PHB content was observed by increasing the culture depth from 5 cm to 10 to 20 cm. This could be partially attributable to the presence of cells under shaded conditions. In a dark/shaded state, an increase in PHB accumulation could possibly be due to conversion of glycogen to acetyl-coenzyme A (CoA) for PHB biosynthesis, as reported for Gloeothece sp. strain PCC 6909 (39) . Moreover, the shaded condition reduced the light availability, which directs a greater flux of carbon through the heterotrophic pathway, leading to greater PHB accumulation. The presences of various organic compounds, as reflected in the high TOC, BOD, and COD values, might be utilized by A. fertilissima in mixotrophic and heterotrophic modes (40) . A maximum PHB yield of 41 g m Ϫ2 was observed at a 20-cm culture depth, but increasing the culture depth to 30 cm decreased the PHB yield significantly, which could be directly related to the reduced biomass yield of the test cyanobacterium at increasing culture depths (Table 2) .
A highly positive correlation (r ϭ 0.99; P Ͻ 0.01) between the hours of sunshine and the biomass yield demonstrated that the rise in biomass yield during the summer season is due to increased hours of sunshine. The daytime temperature approached an average of 37.8°C in summer, although the water temperature in the tanks was a few degrees lower due to evaporation. Thus, in summer, the medium temperature was also close to the optimum for the growth of the cyanobacterium (25 to 35°C). Maximal algal biomass productivity in summer was also reported by many researchers (7, 11) . Table 3 shows the seasonal variation in bioremediation efficiency of A. fertilissima after 15 days of incubation compared with the permissible limits of fish culture ponds, i.e., the water quality needed to support fish (13, 38) . The bioremediation efficiencies of A. fertilissima in different seasons were found to be in the following order: summer Ͼ rainy Ͼ winter. Aquaculture operations demand precise control of DO, ammonium, and nitrite for susceptibility of fish. After 15 days of experimentation, approximately 100% PO 4 3Ϫ , NH 4 ϩ , and NO 2 Ϫ removal was observed in all seasons. A profound rise in the DO level was also observed. The water quality parameters in all seasons were found to be within the permissible limits of fish culture ponds.
Biomass and PHB yield of A. fertilissima under optimized conditions. In a laboratory batch culture study with A. fertilissima grown in nitrate-free BG-11 medium (34), optimization of the process variables by response surface methodology (RSM) resulted in PHB accumulation of 85% (dcw) at 0.26% citrate, 0.28% acetate, and 5.58 mg liter Ϫ1 K 2 HPO 4 for an incubation period of 5 days. Thus, A. fertilissima cultures grown in FPD for 15 days were harvested and subsequently transferred to the same volume of nitrate-free BG-11 medium containing 0.26% citrate, 0.28% acetate, and 5.58 mg liter Ϫ1 K 2 HPO 4 in FRP tanks at a culture depth of 20 cm for 5 days. The PHB yield was recorded at up to 92 g m Ϫ2 in summer. During the rainy and winter seasons, the yields were 89 and 80 g m Ϫ2 , respectively (Table 4) . Supplementation of acetate stimulated PHB accumulation, due to direct utilization of acetate to increase the intracellular acetyl-CoA pool at the expense of free CoA by means of the usual pathway operating in cyanobacteria (12) . Addition of citrate enhanced the availability of NADPH, a prerequisite for the activity of the enzyme acetoacetyl-CoA reductase for conversion of acetoacetyl-CoA to ␤-hydroxybutyryl-CoA. As observed by Chen et al. (4), citrate supplementation decreased the activity of the enzyme phosphofructokinase by chelating Mg 2ϩ , which inhibited the reaction from fructose-6-phosphate to fructose-1,6-bisphosphate in the glycolytic pathway, resulting in an elevated pool of fructose-6-phosphate. A rise in the glucose-6-phosphate pool was observed by conversion of fructose-6-phosphate to glucose-6-phosphate by the enzyme isomerase, which led to increased activity of 6-phosphoglucose dehydrogenase, the first enzyme of the pentose phosphate pathway, thus facilitating the production of more reduced cofactor, NADPH. Moreover, a role for phosphate limitation also could not be ruled out (26) .
Chemical analysis of the polymer produced. The FTIR spectrum of the extracted polymer is presented in Fig. 5 . The band found at 1,460 cm Ϫ1 corresponds to the asymmetrical COH bending vibration in the CH 3 group, while the one found at 1,120 cm Ϫ1 is equivalent to CH 2 asymmetrical bending vibration. The strong absorption bands at 1,728 cm Ϫ1 indicated stretching of the CAO bond, and the band at 1,282 cm Ϫ1 corresponded to the OCH group. The series of bands located around 1,000 to 1,200 cm Ϫ1 correspond to the stretching of the COO bond of the ester group. The absorption bands around 3,000 cm Ϫ1 correspond to the terminal OH group. The IR absorption peaks obtained correlated with the values in the literature (37) and with the spectrum of pure PHB standard, thus identifying the polymer as PHB. FTIR analysis was then used to measure the degree of crystallinity of the polymer (9) . The crystallinity index (CI) is defined as the ratio of the intensities of the bands at 1,382 cm Ϫ1 (CH 3 ) to that at 1,185 cm Ϫ1 (COOOC). The CI of PHB was found to be 0.78, which was much lower than the previously reported value of 0.949 for PHB (9) . Lower crystallinity of the extracted polymer is a favorable property for use in tissue-engineering applications (43) . The NMR spectrum identified the polymer as an isocratic Conclusions. In aquaculture ponds, ammonium and nitrite are highly toxic to fish. A reduction in the level of DO in the pond water can increase the susceptibility of fish to ammonia toxicity. Therefore, aquaculture operation demands precise control of DO, ammonium, and nitrite. This study demonstrated that A. fertilissima has a high nutrient removal capacity in all seasons, reaching a maximum in summer. The DO level rose significantly during the culture period. Nutrients such as ammonium, nitrite, and phosphate reached as low as zero within 15 days of incubation, indicating the system's bioremediation capability while yielding valuable cyanobacterial biomass for PHB extraction. The optimum conditions for maximum productivity of Aulosira cultures was observed in an initial inoculum size of 80 mg dcw liter Ϫ1 at a culture depth of 20 cm, augmented by sedimentation and mixing with a stirrer, and harvesting schedules of 15 days. Extrapolation of the results showed that a hectare of A. fertilissima cultivation in FPD would give an annual harvest of ϳ17 tons dry biomass consisting of 14 tons of PHB with simultaneous treatment of 32,640 m 3 water discharge. 
